activation by growth hormone of HNF-6-regulated hepatic genes, a potential mechanism for improved liver repair during biliary injury in mice.
THE LIVER PERFORMS THE ESSENTIAL functions of detoxification, bile transport, and metabolic homeostasis. Functional analyses of promoter regions of many hepatocyte-specific genes reveal the presence of multiple cis-DNA sequences with binding sites for different families of trans-activating hepatocyte nuclear factors (HNF) that act cooperatively to modulate hepatic gene function (7) . Among these regulatory proteins, HNF-6 (also known as OC-1) transcriptionally activates target genes by using the ONECUT-homeodomain sequence to localize HNF-6 protein to the nuclear compartment and to bind to specific DNA sequences of hepatic target gene promoters. Many of HNF-6 target genes serve important function in hepatic glucose, protein, and lipid metabolism, as well as hepatocyte DNA synthesis (37) .
Hepatic HNF-6 is in turn regulated by growth hormone (GH) through GH-mediated STAT-5 transcriptional activation of HNF-6 promoter (21) . Since the liver is a primary target organ for GH effect in basic hepatic function (5, 41) as well as in potentiating liver regeneration following partial hepatectomy (PH) (4, 27) , we hypothesize that GH regulation of in vivo hepatic function in normal liver physiology as well as during liver injury can be mediated in part by HNF-6 and HNF-6 target genes. This would be a potential additional mechanism to the previously demonstrated hepatic GH actions mediated through IGF-I (11, 17) .
Using biliary obstruction as the model of liver injury, we sought to define the in vivo biological role of HNF-6 in the liver repair response to biliary injury. We targeted candidate HNF-6 genes with proliferation-, metabolic-, and profibroticspecific functions that are likely to be involved in the acute phase of injury (first week) and the chronic phase (4 wk) of the liver repair response to bile duct ligation (BDL) injury.
METHODS
Animal procedures. Male CD1 mice 6 -8 wk old were kept in a 12-h light-dark cycle with free access to standard chow and water. All animals received humane care according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals by the National Academy of Sciences and the National Institutes of Health. Experiments were conducted under IRB approved.
GH administration and BDL. All procedures were performed under ketamine (100 mg/kg body wt ip) and xylazine (5 mg/kg body wt ip) anesthesia. For short-term 24-h treatment, mice received an initial intraperitoneal injection of human recombinant GH (obtained from the National Institute of Diabetes and Digestive and Kidney Diseases National Hormone and Peptide Program) at 4 g/g body wt followed by a 3 g/g body wt injection every 6 h. For long-term administration (1 and 4 wk), the Alzet miniosmotic pumps (Duret, Cupertino, CA) were preloaded with PBS or GH (200 l volume for a continuous rate of 5 g/h) and implanted in a subcutaneous pocket in the back.
To assess the effect of GH on liver injury, the common bile duct was ligated and divided between ligatures. In Sham mice (n ϭ 4), the duct was exposed without scission. Mice from the day 1 GHBDL group (n ϭ 8 -10) received the initial GH intraperitoneal injection at the conclusion of the surgery and every 6 h after. Mice from the days 7 (n ϭ 8 -10) and 28 (n ϭ 10 -12) GHBDL groups underwent minipump implantation at the time of BDL.
Two hours before euthanasia, mice were weighed and 50 g/g body wt of 5-bromo-2-deoxyuridine (BrdU) was injected intraperitoneally. Serum was collected by cardiac puncture. The liver was dissected out, weighed, and processed for total RNA and protein extraction or for paraffin fixation and embedding.
Liver weight assessment. The liver was dissected intact and all visibly dilated bile ducts from BDL liver were punctured to drain all residual bile. A wet liver weight (wt liver) was obtained and liver mass was reported as a percent of body weight at the time of euthanasia (wt liver/body wt ϫ 100).
Adenovirus infection. Mice underwent tail vein injection of 200 l of mock virus or 2 ϫ 10 11 particles of recombinant adenovirus vectors expressing bacterial LacZ (AdLacZ) (n ϭ 3) or mouse HNF-6 (AdHNF-6) cDNA (n ϭ 4) and euthanized after 24 h. The preparation of the replication defective AdHNF-6 or AdLacZ have been described (36) .
Immunostaining. Assessments for BrdU incorporation and HNF-6 expression were described previously (18) . Staining for HNF-6 was detected by using the diaminobenzidine substrate (Vector Laboratories). The percent of proliferating hepatocyte was calculated as percent of BrdU-positive hepatocytes over total hepatocyte count of 1,000 -2,000 hepatocytes/mouse.
Western blot analyses. TGFb2R, cyclin D1, Cyp7A1 (Santa Cruz Biotechnologies), ␣-smooth muscle actin (␣-SMA), and ␤-actin (SigmaAldrich) antibodies were used. The immune complexes were detected with horseradish-conjugated secondary antibody (Fisher) followed by chemiluminescence (ECL ϩ plus, Amersham Biosciences)
Real-time RT-PCR to determine mRNA expression levels. Total liver RNA was extracted by using RNA-STAT-60 (Tel-Test B, Friendswood, TX). Following DNaseI (Ambion, Austin, Texas) digestion, cDNA was synthesized by use of the cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and purified through a Qiagen column. Reactions were amplified with the appropriate primer sets and analyzed in triplicate by use of a MyiQ Single Color Real-Time PCR Detection System (Bio-Rad). The relative expression of the genes of interest was calculated by a mathematical delta-delta method developed by PE Applied Biosystems. Levels were normalized to housekeeping gene cyclophilin for each gene and reported relative to Sham-operated PBS control liver (set at 1).
Ribonuclease protection assay. Total RNA were hybridized with [ 32 P] UTP-labeled antisense RNA probes and digested with RNase ONE (Promega). Syntheses for antisense mouse HNF-6 have been described (31) .
Statistics. Data are shown as means Ϯ SD. Intergroup differences were evaluated by analysis of variance. A P value Յ0.05 is considered to be significant.
RESULTS
HNF-6 expression is upregulated in the liver following GH treatment. To examine the downstream hepatic effects of GH, we performed RNAse protection assay in PBS-or GH-treated Sham mice, which showed that, in addition to IGF-I induction Fig. 1 . Growth hormone (GH) treatment enhances hepatic hepatic nuclear factor (HNF)-6 expression. A: sham-operated mice were treated with PBS or GH for 1, 7, or 28 days (n ϭ 4). Representative RNAse protection assay showed that GH upregulates HNF-6 gene expression. B: mice were treated with PBS or GH for 1 or 7 days following Sham operation (n ϭ 4) or bile duct ligation (BDL; n ϭ 8 -10). Real-time PCR analyses showed that HNF-6 was downregulated following BDL whereas GH treatment led to sustained increases in HNF-6 mRNA expression relative to PBS-treated groups. *Significant differences between PBS/BDL and GH/BDL groups with P values Յ0.05. C: representative HNF-6 immunostaining of liver micrographs showed normal level of HNF-6 protein staining, which is localized to hepatocyte nuclei of unoperated liver (I, white arrow showing normal hepatocyte nuclei staining). In contrast, HNF-6 expression was extinguished in hepatocyte nuclei from BDL day 1 (d1) liver as previously reported (18) (III, black arrows showing hepatocytes lacking of nuclear staining). Consistent with the recovery in HNF-6 gene expression after 7 days of BDL, faint HNF-6 staining was detected in nuclei of hepatocytes from day 7 (d7) BDL liver (IV, black arrow showing weak staining in hepatocyte nuclei). HNF-6 nuclear staining in BDL days 1 and 7 liver (III and IV) were diminished relative to GH-treated BDL day 1 (V) and day 7 liver; respectively (VI; black and white arrows). C, II: micrographs of Sham-operated liver treated with irrelevant antibody showed no HNF-6 signals.
(data not shown), GH administration (n ϭ 4) led to consistent upregulation of HNF-6 liver expression (Fig. 1A) .
Mice next underwent Sham surgery (n ϭ 4) or BDL (n ϭ 8 -10) with PBS or GH treatment for the 1-and 7-day time course. As previously reported, real-time PCR analysis of day 1 PBS-treated BDL liver showed downregulation of HNF-6 transcripts (Fig. 1B) (relative expression from baseline 1 Ϯ 0.6 to 0.6 Ϯ 0.1 with BDL; P ϭ 0.05) (18) . By day 7 of BDL, HNF-6 gene expression was recovered in the liver whereas sustained increases in hepatic HNF-6 gene expression were seen in GH-treated Sham and BDL groups relative to PBS-treated liver. Immunostaining of liver microsections (Fig.  1C) showed that HNF-6 nuclear expression was extinguished at day 1 of BDL ( Fig. 1C, III) with some recovery of its nuclear protein expression in day 7 BDL liver ( Fig. 1C, IV) but at levels that were lower than GH-treated BDL day 1 and 7 liver (Fig. 1C , V and VI, respectively), thus demonstrating that, in addition to its effects on IGF-I transcription, GH treatment can also partially maintain HNF-6 nuclear protein expression in hepatocytes.
GH administration attenuates the course of acute liver injury. Serum alkaline phosphatase levels (a measure of canalicular injury) increased with the progression of injury and peaked at day 7 of BDL, but compared with PBS/BDL mice the levels in GH/BDL mice were significantly reduced ( Fig. 2A) , consistent with diminished cholestatic injury. In contrast, serum transaminase or lactate dehydrogenase levels did not differ between GH-and PBS-treated BDL groups (data not shown), suggesting that the extent of parenchymal necrosis/damage are similar between the groups. Reflecting liver function impairment following BDL liver injury, serum cholesterol levels (Fig. 2B) were abnormally increased by day 1 of BDL and serum albumin levels ( Fig. 2C ) deteriorated by day 7 of BDL whereas GH-treated BDL mice had significantly lower cholesterol and higher albumin levels at day 7 compared with PBS/BDL mice ( Fig. 2 
, B and C).
Consistent with GH somatotrophic effects, PBS/BDL mice lost weight and remained in negative weight balance through the first week of injury whereas GH-treated BDL mice exhibited less drastic weight loss and earlier weight recovery from the acute injury (data not shown).
Overall, these data showed that GH treatment attenuated acute liver injury, improved the deterioration in liver function, and enhanced recovery from the postsurgical catabolic state.
GH mediates HNF-6 regulation of hepatocyte proliferation. In GH-treated Sham-operated liver, spontaneous hepatocyte proliferation at both days 1 and 7 was observed (Fig. 3A) . Similar to the hepatic growth response to GH, adenoviralmediated overexpression of HNF-6 (39) also induced spontaneous hepatocyte DNA synthesis (Fig. 3B ), suggesting that GH-mediated hepatocyte proliferation is in part secondary to HNF-6 direct effects on cell proliferation. Of note, hepatocyte nuclear factors can participate in a cooperative regulatory network and GH has been implicated in the modulation of this network to govern hepatic gene expression (20, 30, 41) . When HNF-6 in vivo expression was increased by using AdHNF-6 (36) or GH expression system (39) in the normal mouse liver, no significant changes in the expression profile of HNF-4a, Foxa2, C/EBPa, C/EBPb, or HNF-1a was observed, demonstrating that, among the potential hepatocyte nuclear factordependent transcriptional pathways mediated by GH in vivo, HNF-6 is the dominant in vivo transcriptional effector for GH.
We next assessed whether GH effect on liver growth could be sustained during bile duct injury in the first week of BDL (Fig. 3C) . Consistent with the course of BDL injury characterized by progressive increases in hepatocyte proliferative response by the end of the first week of BDL (23) , increases in hepatocyte proliferation were detected at day 7 over Sham liver whereas GH treatment of BDL liver was associated with even higher hepatocyte proliferative activities. Consistent with previous data showing that maintaining hepatic HNF-6 expression using expression vector AdHNF-6 inhibited biliary cell proliferation during the first 24 h of BDL (18), GH-treated BDL day 1 liver also exhibited similar inhibition of the biliary cell proliferative response although this effect was lost by day 7 of injury (data not shown). With the above data demonstrating that GH treatment increased HNF-6 expression in BDL liver and that AdHNF-6 can induce hepatocyte proliferation, these findings suggest that the growth-enhancing effects of GH in liver regeneration to BDL injury can be in part linked to HNF-6-mediated pathways.
GH enhances HNF-6 expression to induce cyclin D1 during the acute phase of BDL. TGF-␣ and cyclin D1 have been shown to be direct in vitro transcriptional targets for HNF-6 (37). In Hepa-6 cells treated with HNF-6 small interfering RNA, DNA replication was impaired (37) whereas AdHNF-6 liver transduction (n ϭ 4) accelerated hepatocyte proliferation in normal liver (Fig. 3B ) and PH liver (37) , suggesting that GH may likely mediate HNF-6 proliferative effects through these genes. The Forkhead Box proliferation-specific transcription factor Foxm1b controls cell cycle entry to induce hepatocyte proliferation by direct regulation of cyclin D1 promoter function (40) as well as by cooperation with HNF-6 to stimulate cyclin D1 transcription (37) . GH also enhanced Foxm1b expression, which stimulated hepatocyte proliferation in regenerating PH liver (20) , suggesting that Foxm1b may also mediate GH-induction of hepatocyte proliferation following BDL.
We therefore examined whether these genes can participate in GH-dependent liver regeneration during BDL. Figure 4 showed that, in Sham liver, HNF-6 upregulation at 24 h (Fig.  4A ) or 7 days (Fig. 4B ) of GH treatment was associated with similar upregulation of Foxm1b and cyclin D1 but not of TGF-␣. Following BDL (Fig. 4, C and D) , although persistent upregulation for cyclin D1 was clearly observed at days 1 (Fig.  4C) and 7 (Fig. 4D) , this response was mixed for Foxm1b and absent for TGF-␣. Enhanced cyclin D1 gene expression in day 1 and 7 GH-treated BDL liver were associated with similar increases in cyclin D1 protein expression (Fig. 4E) , suggesting that, beyond IGF-I, GH growth-promoting function on liver regeneration during BDL can be in part mediated by its effect on HNF-6 transcriptional activation of cyclin D1.
GH enhances HNF-6 dependent and HNF-6 independent metabolic and repair gene transcription during acute BDL liver injury. Since GH treatment improved cholesterol metabolism, albumin synthesis, and cholestasis by day 7 of BDL ( Fig. 2) , we next examined whether GH can activate HNF-6 potential target genes with related function at the day 7 time point.
These genes include Cyp7A1 encoding the cholesterol-7a hydroxylase enzyme, which catalyzes cholesterol conversion to bile acid and which is an authentic HNF-6-transcriptional target (39) . Biliary injury was associated with acute downregulation of HNF-6 and Cyp7A1 expression within the first day of biliary injury (data not shown) as previously reported (39) . By day 7 of BDL, adaptive restoration of HNF-6 expression was accompanied by normalization of Cyp7A1 gene expression whereas GH treatment further increased Cyp7A1 expression in Sham and BDL mice (Fig. 5A) .
We also analyzed the promoter regions of genes regulating bile flow and protein synthesis for the presence of HNF-6 binding sites and found that the genes encoding NTCP, ATP binding cassette transporter proteins ABCB11 (or BSEP) and ABCC1 (MRP2 or cMOAT), albumin, and TGFb2R are potential HNF-6-regulated genes. We next evaluated their expression in the previously AdHNF-6-infected liver. In contrast to a 26-fold induction in Cyp7A1, the expression of NTCP, BSEP, albumin, or MRP2 did not change substantially (data not shown), suggesting that these genes are unlikely to be direct in vivo target genes for HNF-6. Consistent with these results, GH-treated Sham and BDL liver did not show increases in NTCP, BSEP, and MRP2 transcripts (data not shown). Interestingly, however, GH treatment led to significant upregulation in albumin (Fig. 5B) gene expression in Sham and day 7 BDL liver, suggesting that GH attenuation of liver damage can be linked to non HNF-6-mediated upregulation of albumin gene in hepatocytes to enhance albumin synthesis.
TGFb2R was also a candidate target gene for HNF-6. Consistent with this possibility, TGFb2R transcripts were significantly downregulated in AdHNF-6 infected liver (Fig. 5C ). Although TGFb2R expression was not diminished in GHtreated Sham liver (Fig. 5D) , GH-treated BDL liver showed subtle downregulation of TGFb2R expression with differences nearing statistically significance (P ϭ 0.06).
GH effects on hepatic genes in the chronic phase of BDL.
We have thus far demonstrated that GH treatment improved liver metabolic function and enhanced hepatocyte proliferation by the first week of BDL. This was associated with upregulation of HNF-6 target genes cyclin D1 and Cyp7A1. Furthermore, improved albumin biochemical profile was associated with parallel increases in albumin gene expression.
We next evaluated whether GH continues to mediate these effects into the chronic injury phase. Mice underwent PBS or GH treatment during a 28-day course of BDL (n ϭ 10 -12). GH-treated day 28 BDL liver showed increases in HNF-6 gene expression relative to PBS/BDL liver (Fig. 6A) . Stabilization of compensatory liver growth beyond the first week of BDL as previously shown (13) is again demonstrated by comparable hepatocyte proliferative activities between days 7 (Fig. 3C ) and 28 BDL (Fig. 6B) liver. In these animals, GH effects in enhancing hepatocyte proliferation are maintained (Fig. 6B) . Consistent with GH effects on hepatocyte replication, higher compensatory increases in the wet liver mass were seen in GH-treated BDL liver (Fig. 6C) . This was in turn associated with significant upregulation of cyclin D1 gene expression (Fig. 6D) .
GH effects were also sustained with increases in Cyp7A1 transcripts (Fig. 7A) , the corresponding Cyp7A1 protein (Fig.  7B) as well as reciprocal changes in serum cholesterol levels at day 28 of BDL (Fig. 8B) . Similarly, albumin transcripts remained elevated in GH-treated BDL liver (Fig. 7C) , paralleling the increase in serum albumin levels (Fig. 8C) .
GH also led to sustained improvement in cholestasis as reflected in lower serum alkaline phosphatase levels (Fig. 8A ) without significant differences in transaminase levels (data not shown) and significantly higher overall body weight in GHtreated BDL mice (data not shown).
By 4 wk of BDL, although TGFb2R transcripts were increased in PBS-treated BDL liver, significant suppression of TGFb2R transcripts in GH-treated liver (Fig. 7D ) was seen. Together with previous data showing negative regulation of TGFb2R expression in AdHNF-6 liver (Fig. 5C ), these results suggest that TGFb2R is transcriptionally regulated by HNF-6.
The downregulation in TGFb2R gene expression also led to parallel inhibition of TGFb2R protein expression (Fig. 7E ) which was in turn associated with similar downregulation of ␣-SMA protein expression (Fig. 7E) , showing that TGFb2R signaling pathways potentially mediated by hepatocytes and biliary cells in inducing myofibroblastic transdifferentiation of hepatic stellate cells and portal fibroblasts (10, 29, 43) during fibrogenesis can be suppressed in GH-treated BDL mice, thus providing a mechanism for previously published data showing that GH attenuated fibrosis in cholestatic rats (33) .
DISCUSSION
In this manuscript, we analyzed the spectrum of HNF-6-regulated responses in the liver following biliary injury. We found that HNF-6 controls hepatic target genes such as cyclin D1, Cyp7A1, and TGFb2R and that enhancing HNF-6 expres- sion by GH during BDL was associated with upregulation of hepatic cyclin D1 and Cyp7A1 and in turn with increased hepatocyte proliferation and improved cholesterol clearance and with downregulation of TGFb2R to suppress the fibrogenic response. GH also mediated the transcriptional activation of albumin through HNF-6 independent manner to improve hepatic synthetic function. These correlative data thus suggest that GH/HNF-6 axis is a potential relevant in vivo pathway underlying the complexity of GH diverse function in target organs (22) and provides an additional molecular underpinning for the protective effects of GH during liver injury that extend beyond the traditional GH/STAT-5/IGF-I axis (11, 17) .
Hepatocyte replication during liver regeneration is dependent on cytokine-and cytokine-mediated pathways (38) , with HGF and TGF-␣ growth factors participating in the later pathways to stimulate cell cycle progression. The in vivo relevance of TGF-␣ is mixed considering that TGF-␣ had minimal effect on inducing spontaneous hepatocyte proliferation in quiescent liver (15) and that TGF-␣-null mice exhibited no obvious defect in liver regeneration to PH (32) . Consistent with these data, GH did not enhance hepatic TGF-␣ in the resting and BDL-injured liver. With respect to HGF, although the hepatocyte is the major cellular target for GH action and IGF-I production, it poorly expresses IGF-I receptor (22) , suggesting that IGF-I has no direct proliferation effect on hepatocytes. It has been proposed that GH/IGF-I's growthpromoting effect on hepatocytes is instead mediated through hepatocytic IGF-I induction of HGF from hepatic stellate cells (34) . Although liver regeneration following PH was severely impaired in GH-deficient mice (27) , normal liver mass restitution was not affected in IGF-I-and IGF-I receptor-deficient mice, although transient delays in hepatocyte proliferation were seen (12, 27) , suggesting that IGF-I is not essential to hepatocyte regeneration and that GH-mediated liver growth can occurs through IGF-I independent pathways. Consistent with this, GH did not enhance HGF expression in either Sham or BDL liver (data not shown), suggesting that the GH/IGF-I/ HGF-mediated pathway is not a major mechanism for GH proliferative expansion of hepatocytes in BDL liver. Instead, GH upregulated HNF-6 transcriptional activity to increase cyclin D1 expression through the GH/HNF-6/cyclin D1 pathway, to induce spontaneous hepatocyte proliferation in quiescent liver and to enhance hepatocyte replication in injured BDL liver. It is interesting that hepatocytes proliferated to AdHNF-6 or GH expression vectors in the Sham liver, bypassing the necessity of priming signals from the injured liver (42) . Cyclin D1 is important in cell cycle S phase entry and is a critical mediator of many of the factors implicated in regulating liver regeneration following PH (1, 35, 37, 40) . Direct activation of cyclin D1 and coordinated induction of cyclin D1 expression and hepatocyte proliferation by HNF-6 suggests that cyclin D1 is also important in HNF-6-and GH-directed mediation of hepatocyte replication in normal liver and BDL liver. 
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Foxm1b is a proliferation-specific transcription factor that stimulates S-and M-phase cell cycle genes (40, 44) and expression of which is enhanced by GH to accelerate hepatocyte proliferation during PH (20) . To our surprise, we were, however, unable to demonstrate a clear effect of GH on Foxm1b gene expression in the BDL liver, suggesting that Foxm1b does not play a prominent role in potentiating liver regeneration in this model of injury. A potential explanation is that the underlying mechanisms for liver regeneration to PH are distinct from other forms of liver damage (14) .
We also identified GH transcriptional regulation of Cyp7A1 gene through the GH/HNF-6/Cyp7A1 axis as a potential in vivo mechanism for cholesterol clearance. Consistent with the importance of Cyp7A1 in cholesterol catabolism, abnormal Cyp7A1 expression in rats was associated with age-related defect of cholesterol disposal (16) , whereas CYP7A1 polymorphism is a risk factor for hyperlipidemia (19) and gallstone disease (8) . We demonstrated that both AdHNF-6-and GHmediated increases in HNF-6 expression induced Cyp7A1 mRNA expression in the quiescent liver. Following BDL, downregulation in the expression of HNF-6 and its corresponding Cyp7A1 target gene (39) were inversely related to an acute rise in serum cholesterol. With further liver injury, progressive recovery in HNF-6 mRNA expression along with similar adaptive recovery of Cyp7A1 expression was associated with stabilization in the abnormal cholesterol profile in BDL mice at days 7 and 28 of injury. Remarkably, in association with HNF-6 and Cyp7A1 upregulation, GH-treated BDL mice maintained normal serum cholesterol levels, suggesting that the improvement in the metabolic profile of GH-treated BDL liver is likely mediated by GH transcriptional activation of Cyp7A1 through HNF-6.
The GH/HNF-6 pathway may also negatively regulate TGFb2R gene expression. Increasing HNF-6 expression in normal liver by AdHNF-6 vectors or in BDL liver by GH administration was associated with downregulation of TGFb2R transcripts, suggesting that HNF-6 is involved in the transcriptional inhibition of TGFb2R. In support of the possibility of TGFb2R-negative transcriptional regulation by HNF-6, TGFb2R expression and TGF-␤ signaling pathways were upregulated in embryonic liver of HNF-6-null mice (6, 28) . Our results demonstrating parallel suppression of ␣-SMA expression, a marker for hepatic stellate cells and portal fibroblast-dependent fibrogenesis (10, 29, 43) , thus provide a mechanistic basis for previously seen antifibrotic effects of GH administration in BDL rats (33) . It is possible that diminished HNF-6 function in GH-treated liver can alter cross talk between hepatocytes or biliary cells and mesenchymal cells in the form of downregulating the TGFb2R-mediated recruitment pathways for the fibroblastic response by the liver epithelial cells during biliary fibrogenesis.
GH can also target hepatic genes such as albumin. Through albumin transcriptional stimulation, GH treatment may improve protein synthesis as seen by higher albumin serum levels. Although GH did not noticeably improve liver parenchymal injury as reflected by liver lactate dehydrogenase or transaminase levels, it reduced the extent of cholestatic injury during BDL as shown by lower serum alkaline phosphatase levels. The molecular mechanism for this finding remains to be defined.
The importance of hepatocyte replication during hepatic parenchymal injury is illustrated for example in IL-6-deficient mice where the hepatocyte proliferation defect can be linked to accelerated liver failure following PH or BDL (9, 13) or clinically in cirrhotic patients by the association of increased proliferating cell nuclear antigen expression with compensated chronic active hepatitis but decreased expression with deterioriated liver failure (26) . Our results showed a similar link between higher hepatocyte proliferative indexes, relative preservation of hepatic function, and attenuation of liver injury. Although GH and/or the GH/HNF-6 axis may mediate hepatocyte proliferation independently of its effects on the metabolic and repair genes, it is possible that the observed improvement in metabolic and cholestatic response is simply a mani- Fig. 8 . GH attenuates liver injury in chronic BDL injury. Serum alkaline phosphatase (A), cholesterol (B), and albumin (C) analyses from day 28 PBSor GH-treated BDL mice showed that GH-treated liver had diminished cholestasis, normal cholesterol, and enhanced albumin levels compared with PBS/BDL liver. festation of better preservation of functional liver mass in GH-treated injured liver as a consequence of GH promoting effect on hepatocyte growth or, as yet unexplored, of GH or HNF-6 potential protective effect in diminishing apoptotic injury from Fas-mediated toxic bile acid injury during BDL (25) , although the lack in difference of transaminase levels suggest otherwise. Of note, although GH/IGF-I have been reported to modulate in vitro biliary epithelial cells proliferation and protective response to bile salt-associated apoptotic injury (2, 3), a sustained inducing effect of GH administration on biliary cell proliferation could not be demonstrated in our experimental model. In summary, these data suggested that, beyond hepatoprotective mechanisms that have been linked to IGF-I, GH may mediate HNF-6-regulated target gene expression to attenuate acute and chronic liver injury. This could be linked to its effect on enhancing hepatocyte proliferation through cyclin D1, in improving cholesterol metabolism through Cyp7A1, and in downregulating the hepatic fibrogenic response through TGFb2R. Other protective effects of GH were to diminish cholestasis and enhance protein synthesis through its transcriptional effects on albumin. Although the confirmation of the importance of these HNF-6-mediated effects awaits further analyses of liver-specific HNF-6 conditional null mice, these results helped to further our understanding of the diverse molecular mechanisms for GH by invoking the potential of GH/HNF-6 in vivo participation during biliary injury with the implication that GH or alternative HNF-6-enhancing modalities may be of therapeutic use in delaying cholestatic and fibrotic liver injury.
